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9ABSTRACT
In this study I examined the feasibility of using standard targets to measure sound 
attenuation in water due to suspended sediment. I determined that the variability of the 
target strength measurements was sufficiently high to prevent the use of this measure in 
obtaining accurate attenuation estimates. Average target strength values for a 1.5 inch 
tungsten carbide sphere differed by as much as 11.4 dB with spreads of the upper and 
lower 90% values as high as 18 dB. This high variability was likely due to a combination 
of factors that include multipath signal returns (exacerbated by relatively high transducer 
side lobes) and inaccuracies in the o ff-ax is  correction calculation. Although the goal to 
determine a relationship between suspended sediment and attenuation was not achieved, 
theoretical models suggest the contribution of suspended sediment to overall sound 
attenuation can be significant and, in certain circumstances, the main contributor to 
overall signal loss.
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In many river systems, fish stocks provide an important source of food and/or income for 
inhabitants. In order to maximize the yield of the resource an accurate estimate of 
abundance is often required for management purposes. Unfortunately, the silt loads 
present in many glacier fed rivers prevent visual counting and it is often impractical if not 
impossible to weir many of the larger rivers. In these cases sonar is often used to provide 
the primary estimates of abundance to fishery managers.
The presence of silt raises the question as to the effect of suspended sediment on the 
strength of the propagating sound signal. The consequences of uncorrected signal loss 
include a reduction in the effective beam width and maximum range of a given system 
and a range dependent bias in target strength estimates. The exact effect of this on fish 
passage estimates will depend on the amount of attenuation and the system configuration. 
In general, uncorrected signal loss (if great enough) should result in an estimate of 
abundance that is biased low. Since turbidity in a river fluctuates throughout the season 
and across years, uncorrected attenuation is likely to increase the variability in sonar 
passage estimates over similar population sizes. An increase in the variability of the 
passage estimates can have an effect upon management where actions typically occur on 
trigger points (certain levels of passage where fisheries are open or closed). One very 
possible outcome is not reaching a trigger point and therefore not opening a fishery when
INTRODUCTION
in fact the estimate was really biased low and the escapement goal achieved -  thus 
resulting in overly conservative management. It was the goal of this study to examine 
signal loss in rivers containing different sediment loads in an attempt to develop a 
regression-based equation describing this relationship.
The objective of this study was to examine the attenuation of 120 kHz sound at different 
sediment concentrations and with differing particle size distributions. It was hoped that 
an empirical equation would be derived relating attenuation to the suspended sediment 
load.
Theory o f  the Attenuation o f  Sound in Water
The strength of a propagating sound wave decreases with distance due to a variety of 
mechanisms. These mechanisms include losses due to spherical spreading, molecular 
relaxation phenomena (absorption), viscous loss due to friction between water molecules, 
and potentially viscous and scattering effects associated with suspended sediment.
Spherical Spreading Loss
Consider sound radiating from a point source in a lossless medium. In this case the 
sound will propagate spherically from the source (the radius of the spherical wave will 
expand) but the total energy contained in the wave will remain constant. Using the fact
11
that power equals intensity times area and considering the wave at two points in time the 
power at each instant will be (Urick 1967)
12
P = Am-y I { = Anri /2 => /2 = 4 \
r.'2
(1)
In the final form it is apparent that the signal intensity decreases as the square of the 
distance. The result when expressed in decibels (using r,=1 meter as is common in the 
field) is
This gives the one way signal loss in decibels referenced to 1 meter.
Absorption
The physical properties and chemical composition of water are also known to attenuate 
sound propagating in water. Salts present in seawater, specifically boric acid and 
magnesium sulfate have relaxation frequencies in the range used by sonar systems. 
Energy utilized in the relaxation process is lost from the propagating pressure wave 
causing a reduction of the strength of the wave with increasing range (Francois and 
Garrison Sept 1982; Francois and Garrison Dec 1982). At frequencies of 2-500 kHz the
lOlog— = 10 log = -201ogr2 
/, r.1 '2
(2)
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losses due magnesium sulfate dominate while at lower frequencies boric acid also 
contributes to absorption.
Energy is also lost due to the viscosity of the medium. As with magnesium sulfate and 
boric acid, the losses associated with viscosity are dependent on frequency and 
temperature (MacLennan and Simmonds 1992). Using published data, Francois and 
Garrison (1982) developed the following equation to calculate the absorption coefficient:
(3)
where:
8.86 x jq(0.78#>//-5) dB_
kmkHzc (4)
/, = 2.8(5/35) 10'r i & 4-l2^ e)kHz (5)
c is the speed of sound (m/s) given by
c =1412 + 3.217 + 1.195 + 0.0167 D (6)
7  is temperature in °C, 6 = 273+r, 5 is salinity (%o) and is the depth (m).
14
A2 = 2 1 .4 4 -(l + 0.0257) dB/km kHz
c
P2 = 1 -1.37 x 10"D  + 6.2 x 10-9Z)2
(7)
(8)
f  = ----------------------
1 + 0.0018(5-35)
(9)
R = 1 -  3.83 x 10"5D + 4.9 x 10"°D2 ( 10)
for r<20°C,
A, = 4.937 x 10" -  2.59 x 10'5T + 9.11 x lO 'V  -1.5 x lO 'V d B /k m  kHz (11) 
for 7>20°C,
A3 = 3.964 x 10" -1.146 x 1 0 " r  + 1.45 x 10'7r 2 -  6.5 x 1 0 "°r3dB/km kHz. (12)
The first term in equation 3 represents the contribution from boric acid, the second term 
is the contribution of magnesium sulfate and the third term is the viscosity component. 
The attenuation coefficient as calculated by Francious and Garrison’s equations have 
been plotted against frequency in Figure 1 at temperatures of 0, 10, and 20 degrees C. 
The pure water component can be seen in the case of salinity equal to zero.
Attenuation Due to Suspended Sediment
In addition to geometric spreading loss and absorption, a propagating sound wave is also 
susceptible to attenuation from suspended particulate matter. Richards et al. (1996)
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Figure 1. Attenuation coefficient versus temperature as calculated by Francios and 
Garrison (1982) for both fresh and salt water. Frequency in kHz is displayed on the x- 
axis and the absorption coefficient (in dB/meter) is displayed on the y-axis.
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examined the effects of viscous absorption and the scattering of the sound wave due to 
suspended sediment. They reasoned that the total absorption coefficient is the sum of the 
contributions from the Francois and Garrison relationship (1982) and the affects of 
scattering and viscous losses due to suspended particulate matter. The scattering 
component is calculated using Shen and Hay’s modified version of Johnson’s ‘high-pass’ 
model (1982) as:
In these equations, a s is the mean particle radius, k is the wave number (2Jt/X.), e is the 
volume concentration of scatters, e is calculated by dividing the mass concentration
by the sediment. yk and yp are the compressibility and density contrasts between the fluid 
and scatterer. § is a fitting term for intermediate values of x  (set to unity for this paper). 
The (101og10<?2 ) term converts the attenuation from nepers to decibels — a neper is 
analogous to a decibel but is calculated as -(l/2)ln(/m//„) instead of -101og10(/m//o) where 
Im is the measured intensity and Ia is the reference intensity (MacLennan and Simmonds
I \
(13)
(14)
(kg/m3) by the density of the particle - thus it is the percent of the total volume occupied
17
1992). yk and yp are calculated as
3 P f ~ P o )  J k s - k  YP =   and yk = -----
2 Ps + P0 k
(15)
here p s and p 0 are the densities and k s and k  are the bulk compressibilities of the scatterer 
and ambient fluid respectively. Note, if p=p0 and k = k then 0 which simply means 
that if the densities and compressibilities of the mediums are the same, there will be no 
scattering.
The calculation of av is from Urick (1948) and is calculated as
a v = (lOloge2) ek(o - 1)2 [ 2 ( o + d f  |
^ d B m  1
where
’ a  = f andP = Jf-Po V 2v
(16)
(17)
Here co is the angular frequency of the incident wave, where / i s  the frequency in
Hz. The term v is the kinematic viscosity of the ambient fluid. The kinematic viscosity 
is calculated as the viscosity of a medium divided by its density. Viscosity characterizes 
the degree of internal friction in the medium. For water the kinematic viscosity is 
approximately (1.0)10'6m2/s at 20°C.
18
The overall model assumes that attenuation depends linearly upon sediment 
concentrations. Richards et al. (1996) state that this has been shown to be true for 
volume concentrations of about 8%-9%. If the concentration goes above this level, there 
are effects due to particle interaction such as multiple scattering. The effect of particle 
size and frequency on attenuation can be seen in Figure 2 where attenuation is stated in 
dBm2/kg and is thus independent of particle concentration. The spike at the large 
particle sizes and high frequencies is the scattering component and the increase in 
attenuation at the smaller particle sizes is due to the viscous component.
In 1998, Richards updated his model to account for the effects of temperature, pressure 
and salinity. Although the overall model remains the same, temperature, pressure and 
salinity affect the sound speed, density and viscosity of water, which are components of 
the model. The relationship for viscosity over the range of 0°C<f<30°C, 0<5<36 and 
ldbar<p<1000 dbar is
r\{S,t,p) = 0.1 ( 18)
where Q(j and Rk are obtained by fitting to experimental data. The coefficients used in the
paper by Richards (1998) are reproduced in Table 1. The kinematic viscosity (v) used in 
the model of Richards et al. is then rj/p.
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Figure 2. Attenuation versus mean particle radius and frequency.
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Table 1. Coefficients for the calculation of viscosity, reproduced from Richards, 1998.
j=  0 j=  1 2 3
~Q0j 1.7900E-02 -6.1299E-04 1.4467E-05 -1.6826E-07
Q,j -1.8266E-07 1.3817E-08 -2.6363E-10 0
Qzj 9.8972E-12 -6.3255E-13 1.2116E-14 0
Rj 2.4727E-05 4.8429E-07 -4.7172E-08 7.5986E-10
The speed of sound used in Richard’s 1998 paper is the UNESCO (Fofonoff and Millard 
1983) standard formula and is presented as,
21
c{S,t,p) = Cwit,p) + A{t,p)S + B{t,p)Sil2 (19)
where
and Dl are reproduced in Table 2. This equation is valid over 0°C<f<40°C, 
0<S<40, and 0 dbar</?< 10,000 dbar.
The density was calculated as:
p (5 ,« ,p )-- (24)
1 - p !  K(S,t,p)
22
Table 2. Coefficients for the calculation of the speed of sound, reproduced from 
Richards, 1998.
7=0 >1 7=2 7=3 7=4 7=5
Aoj 1.3890E+00 -1.2620E-02 7.1640E-05 2.0060E-06 -3.2100E-08 0
Ay 9.4742E-05 -1.2580E-05 -6.4885E-08 1.0507E+08 -2.01 22E-10 0
A 2j -3.9064E-07 9.1041 E-09 -1.6002E-10 7.9880E-12 0 0
A 3j 1.1000E-10 6.6490E-12 -3.3890E-1 3 0 0 0
Boj -1.9220E-02 -4.4200E-05 0 0 0 0
Bij 7.3637E-05 1.7945E-0 7 0 0 0 0
Cj 1.4024E+03 5.0371 E+00 -5.8085E-02 3.3420E-04 -1.4780E-06 3.1464E-09
C,J 1.5356E-01 6.8982*10A-4 -8.1788E-06 1.3621E-07 -6.1185E-10 0
Q, 3.1 260E-05 -1.7107E-06 2.5974E-08 ■-2.5335E-10 1.0405E+12 0
Csj -9.7729E-09 3.8504E-10 -2.3643E-1 2 0 0 0
Do 1.7270E-03
D, -7.9836E-06 ...
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where K(S,t,p) is the secant bulk modulus. The density at 0 is given as 
p(S, f,0) = p w+ S ^  b /  +S3/22  c /  + d0S2 , (25)
■ j
where
Pw = 2 a‘l ‘ (26>
i
and at, b„ c„ and J, are reproduced in Table 3. The secant bulk modulus is defined as the 
average change in pressure divided by the total change in volume per unit of initial 
volume. The secant bulk modulus can be calculated as
K(S,t,p) = K(S,t,0) + Ap + Bp1, (27)
where
K(S,t,0) -  K .  + / /  + S ' 2\  g f ' ,  (28)
24
Table 3. Coefficients for the calculation of density, reproduced from Richards, 1998. 
j=  0 7=1 7=2 j=3 7=4 ^=5
a, 9.998426E+02 6.793952E-02 -9.095290E-03 1.001685E-04-1.120083E-06 6.536332E-09
b, 8.244930E-01 -4.089900E-03 7.643800E-05-8.246700E-07 5.387500E-09 0
c, -5.724660E+02 1.022700E-04 -1.654600E-06 0 0 0
d, 4.831400E-04 0 0 0 0 0
e, 1.965221E+04 1.484206E+02 -2.327105E+00 1.360477E+02 -5.1 55288E-05 0
f, 5.467460E+01 -6.034590E-01 1.099870E-02-6.167000E-05 0 0
9 7.944000E-02 1.648300E-02 -5.300900E-04 0 0 0
h, 3.239908E+00 1.437130E-03 1.160920E-04 -5.779050E-07 0 0
ii 2.283800E-03-1.098100E-05 -1.607800E-06 0 0 0
1.910750E+04 0 0 0 0 0
k, 8.509350E-05 -6.122930E-06 5.278700E-08 0 0 0
25
A =  K  + S '2 ,ht>
i
B = Bw + S ^ m f  , (30)
(29)
(33)
(31)
(32)
The coefficients are reproduced in Table 2.
These equations make it possible to estimate attenuation over a broader range of 
environmental conditions. In rivers, the main variable of consideration is the 
temperature. Salinity is negligible and the depth relatively shallow.
Tempkin (1996) developed a model to predict viscous attenuation of sound due to 
suspended particles. His model differed from that of Urick (1948) in that Tempkin’s 
model accounts for the force acting on the particles if they move entirely with the fluid. 
At low frequencies this added effect can be considered negligible and gives results 
similar to Urick’s equation. Tempkin’s model is:
26
( i + y ) / (34)
[2y2(2 + <5) + 9y<5j2 + 8 1<52 (l + y)2
where y= ( coa2/2v)II2,ais the particle radius, m is mass of the particle, uf is the velocity of
the fluid, up is the velocity of the particle, v is the kinematic viscosity, a> is again, the 
angular frequency and S=p/pp,. The subscript vi denotes that this is the viscous, 
incompressible theory.
As the frequency increases equation (34) no longer holds. When y»l, the effects of 
compressibility of the fluid must be accounted for. Using the Navier-Stokes equations 
for compressible fluids, Tempkin derived the attenuation coefficient as
avc 3 | (GH-  Fl)cos b -  ( + G/)sinb|
c v ~ 2  F T ? (35)
where
F = 2 y 2 +3y + ( b / y f ( l + y ) ,
G = 3(1 + y) -  2b2 - b 2 /y,
H  = 2y2 (b2 -  2 -  <5) + )[b2(1 + 26) -  9d(b +1)] + /9 -1 )  +
(37)
(36)
36(b2 / y)(b -1 ) -  38(b/y)2,
I  = 2ylb{2 + <5) + y[9<5 (b -  1) + b2(1 + 26)] + b(1 + 46) +
(38)
27
36(b2/y)(l + b) + 3 6 b ( b / y f - 9 8  (39)
and b=ka. Where k is the wavenumber and is defined as 2tc/X. = 2jt//c where / is the 
frequency in Hz and c is the speed of sound in m/s.
The author noted that when b« 1, a vc -* av<, which is the attenuation predicted by the low 
frequency model (equation 34).
Also noted was that avc and aw are non-dimensional amplitude attenuation coefficients 
and are described by a  = ac/co. To convert from nepers to decibels per meter, the 
results must be multiplied by 10 log10(<?2).
For the frequencies of interest for riverine fisheries acoustics (120-500kHz) y»l thus, 
equation 35 would be most appropriate with the final form being,
, 2w 3 Cvo)\(GH- F I ) c o s b -  ( G/)sin/>|a  = (101og10(e ) ) -— ^  i -  v-----------L------!dB/m. (40)
2c H + I
Unfortunately, much of the theory remains untested at the lower frequencies (38 to 420 
kHz) typically used for fisheries stock assessment. Urick (1948) found good agreement 
with the viscous component of the model using suspensions of kaolin and sand in 
solutions of water, glycerin and methyl cellulose but he performed his experiments at 
frequencies of l-15MHz. Shen and Hay (1988) made comparisons of different scattering
models (including Johnson’s high-pass model) but again the frequencies used to compare 
experimental values to the theoretical values were all greater than 1MHz. In addition, 
their analysis was restricted to sand-sized particles (63 to 2 mm) which is larger than 
the average particle size typically found suspended in rivers. At these high frequencies 
and with the relatively large particle sizes they found good agreement between their 
theoretical models and the observed attenuation coefficients. They note that a modified 
version of Johnson’s “high pass” model fit the data as well or better than their best 
model.
Hay (1983) was able to determine sediment concentrations from backscattered signal. In 
this study, the frequency utilized was 192 kHz and of the particles, 65-75% were less 
than 74 pm  in size. The significance is that this demonstrates that suspended sediment 
will scatter sound and it will do so in the range of frequencies used in fisheries sonar and 
the range of particle sizes observed suspended in glacier fed rivers.
Expected Attenuation Coefficient Values
These theoretical models can be used to predict the attenuation coefficients expected to 
be observed in riverine environments. Using sediment data collected on the Tanana river 
by the United Stated Geological Survey (Burrows et al. 1979), attenuation coefficients 
were estimated on days of differing sediment concentration and particle size distribution
28
(Table 4). The purpose of these calculations are not to calculate the exact attenuation that 
would have been observed on these days, rather it is to attempt to discern the expected 
magnitude of the signal loss that would be observed due to the suspended sediment. The 
coefficients were calculated for frequencies of 120, 200 and 420 kHz, frequencies 
typically used to monitor fish passage. The attenuation coefficients were calculated using 
the model as presented by Richards et al. (1996) in one case then again substituting the 
viscous attenuation model of Tempkin (1996) in place of Urick’s (1948) within the model 
of Richards et al. (1996). In conformity with Richards et al. (1996), the kinematic 
viscosity of water was assumed to be the nominal value of 0.01 cm2/s at 20°C, the speed 
of sound was taken to be 1500 m/s and the density of sediment was estimated as 2650 
kg/m3 (the density of quartz).
The results of these calculations (Figures 3 and 4) show that greater attenuation is 
estimated at higher frequencies and with higher concentrations of suspended sediment 
(when comparing samples with similar mean particle sizes). It is also evident that 
particle size distribution is an important factor to consider in the attenuation of sound by 
suspended particles. At the frequencies used in these calculations, distributions with a 
greater percentage of fine particles often had a predicted attenuation greater for a given 
particle concentration than did distributions with larger particles. For example, 
comparing the estimated attenuation coefficient on 6/16/77 and 7/20/77 we see that 
although the particle concentration on 6/16/77 is only 74% of that on 7/20/77, the
29
Table 4. Estimated attenuation coefficient from data collected on the Tanana River at Fairbanks, Alaska during the summers 
of 1977 and 1978.
Attenuation Coefficient (db/m)
Model of Richards et al., using Urick's Model of Richards et al., using Tempkin's 
Mean Particle model for viscous attenuation model for viscous attenuation
Date Cone (kg/m3) Radius (mm) 120kHz 200kHz 420kHz 120kHz 200kHz 420kHz
4/13/77 0.058 0.190 0.000263 0.000435 0.0025 0.000425 0.000672 0.0034
6/16/77 1.640 0.033 0.0396 0.0514 0.0753 0.0646 0.0839 0.1228
7/20/77 2.210 0.059 0.0302 0.0392 0.0594 0.0493 0.064 0.0961
8 /3 /77 4.340 0.023 0.1487 0.1936 0.2833 0.2427 0.316 0.4623
7/10/78 1.790 0.016 0.0867 0.1133 0.1664 0.1415 0.185 0.2716
7/17/78 3.700 0.024 0.1217 0.1584 0.2317 0.1986 0.2585 0.378
8/14/78 2.680 0.025 0.0847 0.1103 0.1613 0.1383 0.1799 0.2631
9/7 /78 1.020 0.033 0.0246 0.0320 0.0468 0.0402 0.0522 0.0764
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Particle Concentration (kg/m3)
Figure 3. Estimated attenuation coefficient vs. particle concentration. Blue 
(diamond)= 120kHz, Red (square) = 200kHz, Green (triangle) =420kHz.
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Mean Particle Radius (mm)
Figure 4. Estimated attenuation coefficient vs. mean particle size. Blue (diamond) = 
120kHz, Red (square) = 200kHz, Green (triangle) =420kHz.
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expected attenuation coefficient is considerably higher on 6/16/77. A similar situation 
occurs when comparing 7/10/78 to 8/14/78.
Attenuation coefficients calculated using Urick’s model (1948) were lower than those 
calculated using Tempkin’s (1996) model (Table 4). Also, it is worth noting that the 
attenuation predicted in some of these cases is often fairly significant. The estimates 
ranged from as little as 0.000263 dB/m to as high as 0.1487 db/m at 120kHz using 
Urick’s model (1948) to predict viscous attenuation. Absorption of 120 kHz sound in 
seawater at
10°C and a salinity of 35 ppt is approximately 0.037 dB/m at (MacLennan and 
Simmonds 1992) which suggests that suspended sediment is potentially as significant a 
contributor to overall attenuation as is salinity.
This preliminary analysis suggested that suspended sediment could be a significant 
contributor to sound attenuation in water at frequencies typically used in fisheries 
acoustics. Much of the theory, however, remains untested at these frequencies and it was 
the goal of this study to examine the attenuation of 120 kHz sound at different sediment 
concentrations and with differing particle size distributions. Based on the theoretical 
results, it was anticipated that a relationship between suspended sediment load and 
attenuation would be observed.
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METHODS AND MATERIALS
This paper details the results of two studies both of which were aimed at understanding 
the relationship between suspended sediment and sound attenuation. One study occurred 
on the Yukon River and the other in gravel pits in and around Fairbanks Alaska. The 
study on the Yukon River examined signal loss in relation to turbidity and also examined 
suspended sediment properties at this site (through water sample analysis). The study in 
the gravel pits focused on understanding variability in measured target strength.
Equipment
A Precision Acoustics Systems (PAS) model 103 120 kHz split beam echo sounder 
paired with a 2°x4° International Transducer Corporation (ITC) transducer was utilized to 
collect target strength measurements at the two gravel pits. Sonar Data was collected at 
the Yukon River sonar project using a Biosonics model 102 dual beam echosounder with 
an ITC transducer with a 2°X4° nominal beam width. In each case, the sonar equipment 
used was what was available at the time of data collection.
The targets used were spheres of the following diameters and materials: 1.5 inch tungsten 
carbide (6% cobalt binder), 1.5 inch stainless steel, 2 inch stainless steel and 1 inch 
copper. Both the 1.5 inch tungsten carbide and the 1 inch copper sphere are targets 
typically used as standard targets. Stainless steel spheres are not ideal since they will
corrode over time changing the acoustical characteristics (Foote and MacLennan 1984). 
Steel spheres were used occasionally in this study since they are relatively inexpensive 
and it was easy to obtain multiple size spheres of this material.
A Sedigraph (Model 5000ET) was used to estimate the particle size distribution of 
sediment suspended in water samples collected on the Yukon River. The Sedigraph 
estimates particle size distribution by measuring the reduction in the amplitude of x-rays 
transmitted through the water sample. As time passes the sediment settles according to 
Stokes Law and the x-ray amplitude increases accordingly.
Turbidity data was collected at Pilot Station on the Yukon River using a meter produced 
by Alec Electronics Inc. Japan. The instrument was calibrated using kaolin powder to 
give measurements in ppm or mg/L, instead of the typically used Nephelometric 
Turbidity Units (NTU). The accuracy is stated to be less than ±2% of the full scale (0- 
2000 ppm) with a resolution of 1 ppm. The reason for converting the values to ppm is 
that the NTU measures the dispersion of light and thus gives a relative, not absolute 
measure of turbidity.
Water Sampling Procedures
A total of four 500mL water samples were collected at the Yukon River sonar project 
located near Pilot Station AK during the 1997 field season. During the 1997 field season
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we noticed what appeared to be significant signal loss combined with the presence of a 
reverberation band located roughly 50 m from shore. One preliminary sample was taken 
on August 14th to test the sampling apparatus. On August 18th, three water samples were 
collected, one inshore of the reverberation band, one from roughly in the middle of the 
band and one offshore of the band (20 m, 70 m, and 190 m from shore). The samples 
were collected by attaching a corked sample bottle to a pole, lowering the pole into the 
water, then uncorking the bottle at the desired depth. The samples were collected at 
approximately the middle of the water column.
The coarse fraction (>63 pim) of the water samples was measured by dividing the dry 
weight of the entire sample by the dry weight of the sediment remaining after running the 
sample through a 63 /im wet sieve. The distribution of the fine particles was measured 
using the Sedigraph instument with the resulting graph normalized to 100% since the 
concentration of sediment in each of the samples was less than the minimum required for 
the device. The mean particle size in each sample was calculated as:
016 + 050 j* 084 i \
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where the 0 values are the sizes (log2 of the size in n) at the 16th, 50th and 84th 
cumulative percentiles respectively (Folk 1980).
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Preliminary Equipment Testing Procedures
Initially, the PAS system was deployed at a gravel pit behind the Fairbanks International 
Airport for the purposes of checking system performance and becoming familiar with the 
setup and operation of the equipment. The system was deployed in a side-looking 
configuration and collected echoes from targets suspended from a pole on the opposite 
bank (Figure 5). The transducer was mounted on a stand that permitted rotation in both 
the horizontal and vertical axis (Figure 6). Although the mount did not provide accurate 
position readings, the X and Y phase outputs of the sounder were used to determine 
location of the target in the beam prior to the actual recording of data. The transducer 
was adjusted so that the target was as close to on-axis as possible before data collection 
started.
The data was examined to determine whether the equipment could record reasonable 
target strength values as determined from published values - MacLennan and Simmonds 
(1992) give the target strength for a 38.1 cm tungsten carbide sphere (6% cobalt binder) 
to be -39.8 dB at 120 kHz. In addition, the variability of the target strength 
measurements were examined in an effort to determine whether the system would be able 
to detect the expected signal loss.
Once the system had been tested, its operation understood and the ability to measure
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Top View
Figure 5. Deployment diagram for gravel pit data collection showing both an overhead 
view (top) and a side view (bottom).
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Figure 6. Diagram of transducer mount design used for side-looking data collection.
attenuation reasonably assured, it was planned to gather target strength measurements 
periodically on the Tanana and Chena rivers. Since the Chena River has relatively clear 
water it was anticipated that this river would provide data with little to no sediment 
related signal loss. The Tanana River, however, is glacier fed and the sediment 
concentration can vary considerably over the course of a year (Burrows et al. 1979). It 
was anticipated that between these two rivers, it would be possible to conduct an analysis 
of sediment related attenuation. Potentially the greatest limitation of both these rivers is 
that their size is relatively small compared to the larger rivers such as the Yukon or 
Kuskokwim. The small sizes would make it difficult to obtain target strength 
measurements at ranges in excess of 50 meters. Even if the signal loss during periods of 
high sediment loads is comparable to losses observed in seawater, at 50 meters in range 
this would only amount to approximately 3 dB of loss. Longer ranges should increase the 
chance of detecting a measurable amount of signal loss.
Voltage thresholds for the initial equipment testing were set as low as possible (about 3V) 
to detect the target without including an excess of noise in the vicinity of the target.
When collecting data for the purposes of detecting signal loss, it was planned to use low 
thresholds but at the same time, keep the thresholds consistent at all sites in order to limit 
threshold-induced bias. This would have been difficult if the signal to noise ratios varied 
considerably between the different sites.
40
Water samples were to be collected during each sampling period for the purposes of 
determining suspended sediment concentration and particle size distribution. Water 
temperature measurements were also to be recorded and entered into the sonar acquisition 
software to ensure that an accurate estimate of the speed of sound was used to determine 
target range and hence accurate time-varied-gain (TVG) correction.
Modified Data Collection Procedures
After initial testing at the gravel pit revealed high target strength variability, the 
equipment was deployed on 21 July, 1998 in a down-looking setup to test the equipment 
in a setting not constrained by the bottom and surface boundaries. It was anticipated that 
this would eliminate any possible multipath echo returns.
For the down-looking setup the generator, sounder and computer were set up in a flat 
bottom river boat in a gravel pit that had a maximum depth of 100 ft. The gravel pit used 
is located near the corner of the Mitchel Expressway and Peger Road, Fairbanks, Alaska. 
The transducer was placed face down in a floating platform (Figure 7) next to the boat. A 
tungsten carbide sphere was suspended directly down from the side of the transducer. 
Occasionally wind would cause the boat to drift while the target remained stationary. 
When this happened, the target was pulled up and redeployed to center it within the 
beam.
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figUre 7' Diagram of transducer moun, des-
collection. lgn USed for down-Iooking data
After the down-looking tests, the equipment was redeployed at the gravel pit behind the 
Fairbanks International Airport. Target strength data was collected as was done 
previously with the addition of concurrent wind speed measurements recorded in 30- 
second intervals. This was done to determine whether the speed or the variation in wind 
speed had an effect on the variability in the target strength measurements.
Data Analysis
The concentration of sediment suspended in the Yukon River water samples were 
calculated by dividing the measured water volume by the dry weight of the sediment.
The percentage of coarse particles was then estimated by re-suspending the sediment in 
distilled water, running this mixture through a 63 nm wet sieve then measuring the dry 
weight of the filtered component. The size distribution of the fine particles was estimated 
using the Sedigraph instrument. A problem with this analysis was that the original water 
samples were to small. Even after centrifuging the samples and decanting most of the 
excess water, the sediment concentrations were still not high enough to meet the 
minimum concentration requirements of the Sedigraph instrument. As a result, the values 
obtained from the Sedigraph instrument had to be normalized to give the final estimate of 
particle size distribution.
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Once data had been collected to file it had to be extracted into a format to be read by 
other processing software. A program called “ftarg.exe” (provided by the sonar 
equipment manufacturer) was run and extracted the binary data into a comma delimited 
ASCII file that could be easily imported into most programs. The extracted data file 
consisted of 3 header rows that contained the file names and column headers. The data 
output consisted of the following columns: mode number, sequential ping number, target 
number, depth, pulse width, echo amplitude, x angle, and y angle. The mode is the 
number of the transducer port used (in all data collection here only the first transducer 
port was used so only mode 0 was listed). The pulse width was presented in 
microseconds and the echo amplitude, x phase and y phase were all stated in “bits”. The 
amplitude was converted to voltage by multiplying by 5 volts/4096 bits since the 
maximum voltage output of the sounder is 5 volts and the sounder uses a 12 bit analog to 
digital (A/D) converter. The off-axis correction (two way beam pattern factor, 2 
was calculated in each the x and y axis by the formula
(Phase -  Offset)22 BPF =   —— — (42)
Scalar
where Phase is the phase measured in bits and the offset and scalar are from the system 
calibration data sheets (for calibration information see Table 5). Note that these 
calibration values are different for both axes since this system uses an elliptical 
transducer beam. The target strength for each echo was then calculated as
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Table 5. Calibration parameters for the PAS split-beam sonar system. 
Parameter Value
SL@ -2 dB
G1 log detected
Obx
SBx
Oby
Sby
Oax
Sax
Oay
Say
225.5dB 
112.919dB 
2103 
-135400 
2010 
-138600 
2086 
378 
2041 
886
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TS = V -  SL -  Gl -  Gr + 2TL -  2BPF (43)
where V is the echo amplitude in decibels, calculated as 20 times the amplitude since the 
PAS 103 echosounder uses a log detector. For a system that uses a linear detector, the 
conversion of voltage would be 20Log10 of the amplitude. is the source level re IpPa, 
Gl is the through system gain, Gr is the receiver gain and TL is the transmission loss 
which includes both spherical spreading (201ogR) and attenuation components. SL and 
Gl values were obtained from the system calibration provided by the manufacturer. TL 
is assumed to be zero since spherical spreading has been compensated and it is assumed 
attenuation in freshwater is negligible -  the determination of this value is an objective of 
this study.
The split beam capabilities of the PAS 103 echosounder could also be used to calculate 
absolute position of the target. The angle off-axis in each the x and y directions was 
calculated as
Angle = {Phase -  Offset) (44)Scalar
where the Phase is again the measured phase in bits and the offset and scalar are values 
from the calibration that are different from those used for the 2 calculation and are 
different for each axis. The distance from the center axis of the beam to the target in
each axis was calculated as R sin (0), where R is the distance from the transducer to the 
target and d is the off-axis angle.
Unfortunately there was no program available to quickly and easily view this data in an 
echogram format, examine echo characteristics (target strength, pulse width, range, etc.) 
and further filter the data. A C++ program was written for Macintosh™ personal 
computers (Pfisterer 2002) to provide a way to quickly examine and filter the data for 
further analysis. Figure 8 shows a screen shot of a window with a typical echogram and 
another window containing the values of a selected echo. The program uses a color or 
grayscale gradient to show relative target strength (this is a user selectable option). Once 
the target selection criteria were set, the echoes of interest could be output to a space 
delimited text file for further analysis in MatLab or Statistica.
Analysis of the data was performed primarily with MatLab and Statistica running on 
Macintosh personal computers. MatLab was used to plot the data, calculate the average 
and 90% range of the target strength values, and to perform a Fourier analysis on each 
data file to check for periodicities in the data. Statistica was used to perform non-linear 
regressions on the down-looking data to verify the accuracy of the off-axis correction 
calibration numbers, to do some of the exploratory data analysis, and to create some of 
the charts.
47
As per MacLennan and Simmonds (1992), average target strength was calculated as
Figure 8. Screenshot of program Echogram showing echogram and echo statistics. The 
solid column of echoes is the standard target, the intermittent echoes to the right are from 
the bottom,
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TS = 101og10 (45)
where o  is the mean acoustic cross section and is calculated as
V  4jt10 10
n (46)
n
Due to the non-normality commonly associated with acoustic cross section data (Dahl 
and Mathisen 1983), it was decided that the upper and lower 90% values would be used 
to describe the variability of the target strength measurements. In addition to providing a 
descriptor of variability, this 90% interval has the advantage that 10 times the log of the 
90% values of the acoustic cross section divided by 4n is the same as the 90% values of 
target strength. In other words, you get the same result using either target strength or the 
acoustic cross section, which is not true when calculating the average target strength.
The bounds of the 90% interval were derived by taking the upper and lower 5% values of 
the target strength data sorted by size.
Pilot Station 1999 Data
During the 1999 field season, daily signal loss levels were recorded at the Alaska 
Department of Fish and Game Yukon River sonar project. As part of project operations,
system settings were adjusted so that the strength of the returned signal from the river 
bottom was fairly consistent over time (to the best of our ability). This was achieved 
through changes in the receiver gain, transmit power, alpha setting, and chart recorder 
threshold. The amount of signal loss was determined by calculating the target strength of 
the smallest possible target that could be detected in the outermost range strata (typically 
175 to 350 m) by the system at the current system settings (Pfisterer and Maxwell 2000). 
This calculation assumed no signal loss. The smallest possible target detected was 
calculated using equation 42 where V was the voltage of the lowest threshold and 
assuming the off-axis correction factor to be zero. In the absence of signal loss, the 
lowest threshold was set to -42.5 dB, therefore, anything less indicated a reduction in 
signal strength.
Turbidity measurements were recorded hourly using a meter produced by Alec 
Electronics Inc. Japan. The meter was calibrated using kaolin powder to give 
measurements in ppm instead of nephelometric turbidity units, which are more common 
in the United States. Measurements were recorded starting June 1 and continued through 
August 29. The hourly measures were averaged over the day and compared to daily 
measures of signal loss. To eliminate autocorrelation in the residuals of the linear 
regression model, the Cochrane-Orcutt method was utilized to determine a relationship 
between signal loss and turbidity (Neter et al. 1990).
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RESULTS: DATA ACQUISITION, ANALYSIS, AND INTERPRETATION
Gravel Pit Results
Initial Data Collection
Data were collected at a gravel pit using tungsten carbide and stainless steel spheres on 
the following days: 2 June, 16 June, 3 July, 6 July, 8 July, and 9 July. The collection 
range for each of these days was about 20 m. In each case the target was as close as 
possible to on-axis.
Initial data collection was encouraging in that measures of target strength were roughly 
what was expected for standard target used -  which suggests the equipment was 
functioning fairly well. Of cause for concern, however, was that the variability of target 
strength measurements, even with 2000 to 7000 ping averages, was large enough that 
measuring a significant amount of signal loss due to turbidity is extremely unlikely. For 
example, on July 9, 1998, mean target strength measurements were between -36.0 to 
-47.4 dB (Table 6). These measurements were made on the same day, on the same target 
and at the same location yet, the average target strength for the files differed by as much 
as 11.4 dB. In addition, for a given 10-minute run the spread of the upper and lower 90% 
values of the target strength values were as high as 18 dB (Figure 9).
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Table 6. Standard target measurements made on tungsten carbide sphere.
Date File Name
Ping
Rate
Upper Lower 
Mean TS 90% 90%
Spread
dB N Periodicities Mean sd
7/3/98y184a2 3.33 -36.68 -36.1 -37.52 13.61 1716
7/6/98Y1 87A1 3.33 -28.27 -27.05 -29.94 2.89 5079 3 Hz
7/8/98Y1 89A1 3.33 -34.88 -28.38 -45.95 17.57 14404 Hz (weak)
7/8/98 Y189A2 3.33 -40.77 -37.40 -48.41 11.01 38264 Hz (weak)
7 /8/98 Y189A3 3.33 -40.77 -37.34 -47.80 10.46 1 257 None apparent
7/9/98Y1 90A1 5 -43.51 -40.01 -50.03 10.02 7595 3 Hz, 8Hz
7/9/98 Y190A2 5 -35.95 -34.16 -38.81 4.66 29103 Hz, 8Hz
7/9/98 Y190A3 5 -37.98 -35.95 -44.61 8.65 29003 Hz, 7 Hz
7/9/98 Y190A4 5 -37.54 -33.82 -44.25 10.43 2948 3 Hz, 7 Hz
7/9/98 Y190A5 5 -47.36 -44.64 -51.11 6.47 2826 3 Hz, 7 Hz
7/9/98Y1 90A6 5 -38.45 -37.22 -40.94 3.72 2589None apparent
7/21/98y202a3 5 -41.52 -40.95 -42.15 1.20 1420
7/21/98y202a4 5 -40.74 -40.23 -41.32 1.09 3879
7/21/98y202a5 5 -40.34 -39.62 -41.50 1.88 4363
7/21/98y202a6 5 -41.06 -40.44 -41.69 1.25 1489
7/21/98y202a7 5 -40.93 -40.18 -42.13 1.95 1912
7/21/98y202a8 5 -41.05 -40.62 -41.54 0.91 2998
7/21/98y202a9 5 -41.33 -40.46 -41.95 1.48 2915
7/21/98y202ac 5 -41.73 -41.29 -42.57 1.28 893
7/21/98y202ag 5 -41.18 -39.89 -43.26 3.37 2284
7/21/98y202ah 5 -41.47 -40.83 -43.13 2.30 2327
9/19/98 Y262A0 5 -56.55 -56.55 -58.95 2.40 618 None apparent 5.85 1.663
9/19/98 Y262A3 5 -56.37 -54.30 -60.27 5.97 709 None apparent 5.706 1.16
9/19/98 Y262A4 5 -54.35 -53.04 -56.28 3.24 2996None apparent 5.65 1.755
9 /19/98Y262A5 5 -52.92 -51.88 -54.03 2.15 2996 4.15 1.631
9/19/98 Y262A6 5 -54.26 -52.47 -57.68 5.21 1201 None apparent 6.579 2.063
9/26/98Y269A0 5 -49.95 -48.58 -52.36 3.78 29983 Hz, 5 Hz 3.95 1.538
9/26/98Y269A1 10 -45.90 -45.17 -46.96 1.79 5979 3 Hz 2.1 1.586
9/26/98 Y269A2 5 -43.74 -42.70 -44.77 2.07 59583 Hz 2.45 1.905
9/26/98Y269A3 5 -43.23 -41.90 -44.73 2.83 5986 3 Hz, 5 Hz, 8 Hz 6.35 2.134
9/26/98Y269A4 5 -43.04 -41.92 -44.40 2.48 5947 3 Hz 6.25 2.291
9/26/98Y269A5 5 -42.12 -40.89 -43.26 2.37 5882 5.75 2.221
9/26/98Y269A6 10 -40.69 -39.05 -41.80 2.76 5800 3 Hz, 6 Hz 3.45 1.731
9/26/98Y269A7 10 -36.15 -34.51 -53.09 18.58 6295 2.55 1.849
9/26/98Y269AC 10 -36.38 -32.85 -39.95 7.10 6449 5 Hz 5.4 2.062
9/26/98Y269AD 10 -33.67 -31.01 -38.46 7.45 3210 7.55 2.188
9/26/98Y269AE 10 -32.51 -26.91 -39.02 12.11 47984 Hz 12.4 3.966
9/26/98Y269AF 10 -32.87 -26.87 -40.47 13.61 43154 Hz 12.2 3.037
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Figure 9. Average target strength (top) and spread of target strength values (bottom) for 
each file by day.
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This result is very bad for this study because even if attenuation due to suspended 
sediment is as high as that attributed to salinity, at 50 m in range this would only amount 
to about 3.4 dB of signal loss. The high variability associated with the target strength 
measurements makes it unlikely that signal loss of even this magnitude could be 
measured with any degree of significance. Fourier analysis revealed periodicities in the 
target strength values of 3 to 8 Hz (Table 6).
The following were identified as possible reasons for the variability in target strength 
measurements: 1) The equipment is not capable of making measurements with the 
precision required; 2) Inaccurate calibration data could have lead to imprecise off-axis 
target strength correction; 3) Multipath in the side-looking setup may have caused 
variations in both received target amplitude and phase. Any affects due to the 2nd and 3rd 
explanation could have been exacerbated by wind hitting the pole and setting up 
oscillations, which caused movement of the target.
It is unlikely that the variability was due to nearfield effects since the target was 
approximately 20 m in range and the nearfield of the 2.5° transducer at 120 kHz is 
approximately 12 m (MacLennan and Simmonds 1992). If this variability were due to 
errors in calculating the off-axis correction coefficients it would be possible to recalculate 
the target strength values using the correct coefficients. If the variability were due to
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instabilities in the electronics or due to multipath, echoes, the errors would be much 
harder if not impossible to correct.
Down-Looking Results
Target strength values measured in the down-looking setup were close to the nominal 
value for the 1.5” tungsten carbide sphere. In addition, the individual target strength 
values for each file were considerably less variable than those from the previous side- 
looking data collections. The maximum spread from this data was 3.37 dB (Table 6 
Figure 9).
This result was encouraging. The decreased variability and close to nominal values for 
target strength suggests that the electronics were functioning as they should and that the 
variability was most likely not due to deficiencies in the equipment itself.
Using the data where the target was at a depth of 18.7 m, the dB down from maximum 
for each echo was calculated as 20 times the received amplitude divided by the maximum 
received amplitude. The dB down values were graphed vs. phase in the x and y 
dimensions (Figure 10). Off-axis correction factors were derived by fitting dB down to 
the following function of the 2 way beam pattern factor used in off-axis target strength 
compensation,
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Figure 10. Observed (top) and calculated (bottom) dB down as a function of x and y 
phase from data collected in a down-looking configuration.
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dBdown=2BPFx+2BPFy (47)
where 2 BPFxand 2BPFy are the two way beam pattern factors in the x and y axis as
defined by equation 41. The off-axis correction constants (O5jc=2062, SBx=-114485, 
OBy=2030, SBy=-129357) were in rough agreement with those provided by the 
manufacturer (Obx= 2103, 135400, Oby= 2010, S7>y=-138600) and both sets of
parameters produced similar 3-D plots of beam directivity (Figure 11). This suggests that 
the variability in target strength measurements were not due to faulty calibration data.
Additionally, the down-looking data, when selected such that the target was within ±0.5° 
from the center of the beam was less variable than data from the side-looking 
configuration with the same criteria (Figure 12). This further suggests that other factors 
are contributing to target strength variability.
Results From Subsequent Data Collection At The Gravel Pit
After verifying that the equipment was functioning properly the system was setup once 
more in a side-looking configuration. Sonar data were again collected on the 19th and 26th 
of September along with concurrent wind speed measurements recorded in 30 second 
intervals. On both of these days the ambient temperature was below 32°F and this 
appeared to affect the functionality of the equipment. Early in the collection period the 
target strength values for the tungsten carbide sphere were considerably lower than would
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Figure 11. Three-dimensional representation of the two way beam directivity as 
calculated using calibration parameters (top) and non-linear regression parameters 
(bottom).
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Figure 12. Plots of data collected in a down-looking setup (left) and a side-looking setup 
(right). Top chart shows target strength as a function of x-angle, the middle chart shows 
target strength as a function of y-angle and the bottom chart shows a histogram of target 
strength values where the x and y angles have been limited to ± 0.5 degrees.
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be expected for a target of this size (Table 6) but seemed to get closer to the nominal 
value as the equipment warmed up.
Although the measurements on these days give inaccurate estimates of target strength 
which increase slowly over time, the rate at which the values increase is slow enough that 
a given 10 minute file can be considered stable. That is, the ping to ping variability can 
be examined even thought the point estimate is biased.
Once again, the variability of target strength values is higher in the side-looking setup 
when compared to the down-looking setup. From the wind speed data it appears that the 
variability in the target strength values was highly correlated with the average wind 
speed. The coefficient of determination for the spread of the target strength values as a 
function of wind speed was 0.78 (Figure 13). The concurrent wind speed measurements 
suggest that the target strength variability may be at least partially related to target 
movement. The wind caused oscillations in the pole suspending the standard target thus 
causing the target to shift in position during measurement. One extreme outlier was 
removed from the data for this analysis but this seemed reasonable since there was a 
bimodal distribution of target strength values for this file. In fact it appears possible that 
more than one object may have been in the beam at this range during data collection (file 
Y269A7 in Appendix B of Pfisterer 2002).
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Spread of TS vs Average Windspeed
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Standard Deviation of Windspeed (m/s)
Figure 13. Spread of TS values versus average windspeed (top) and versus the standard 
deviation of windspeed (bottom).
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A potential (or at least partial) explanation for the variability in the observed target 
strength values may be multipath. Echoes received by the transducer from a single target 
through multiple propagation paths will add. This addition can be constructive or 
destructive depending on the phase difference between the received echoes. If the target 
is moving this will cause the measured target strength to vary as the propagation distance 
of the multiple paths changes.
Comparing Variability of Down-Looking to Side-Looking
The variability in target strength values was examined by comparing a subset of the 
down-looking and side-looking data. Three data files from both configurations were 
graphed as in Figure 12. From these graphs it was apparent that the variability of the 
side-looking data is much higher for a given x or y angle than the down-looking data.
The maximum spread of the 90% values for angle filtered down-looking data was 0.49 
dB and for the side-looking data it was 10.43 dB. This supports the idea of multipath as 
contributing to target strength variability. The fact that when both the side-looking and 
down-looking data are limited in the x and y dimensions to ±0.5 degrees and that the 
side-looking data still has much higher variability suggests it is not entirely an off-axis 
correction problem.
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Multipath Sound Propagation and Target Strength Variability
Modeling the target strength measured by the sonar equipment involves determining the 
difference in the lengths of the different propagating paths and at what angle the multiple 
waves hit the face of the transducer. The difference in distance of the paths gives the 
phase difference of the two waves and the angle is used to determine how the amplitude 
of the received wave is affected by the directivity of the transducer. The problem is 
illustrated in Figure 14.
Measured values include L, d{,8, and ip.
For d2, and ds the lengths are simply
d2=dl sin -  6) (47)
di =dx cos -  6) (48)
(p is derived as follows,
2d3 +d4 =d5 = cos -  0)
2L d, sin(t p-  0) 
 + — = cL cos'd\ (t p-  8)
tan <p tan 0
(49)
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Figure 14. Diagram showing the multipath wave propagation problem. Items to be 
calculated are the total length of the multiple path and the angle at which the multiple 
path hits the transducer.
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The distance traveled by the multipath propagation is then
dm = 2L sin (p + sin(^ -  6) sin (p. (50)
The phase shift is
O 1
y = T 7  where M=dm~ck- (51)A a
Assuming transmission loss is compensated, the amplitude of the direct path in dB ( . )  is
Ad = 201og[ Acos(kx -  cat)] -  /3(0), (52)
and the amplitude of the multipath wave (Am) is
Am = 201og[Acos(fcc -  cot + y + jz)\ -  /)(0 + xp) (53)
where co is the angular frequency (2ji/) and k is the wave number (2k/A) and fi is the 
signal reduction due to the directivity of the beam (in dB). Note that the amplitude is 180 
degrees out of phase with the direct path due to the surface boundary reflection. The 
amplitude for the multipath wave is simplified; here it is assumed that the multipath wave
reflected off the target is the same amplitude as the direct path. A more complete model 
would calculate the coefficient of reflection for the multipath wave, which will be less 
than the direct path.
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As per MacLennan and Simmonds (1992), the beam pattern factor for a rectangular 
transducer can be approximated as
bpf {9} =
sin[(mj /A) sin d] 
[(^a/A)sin ]
(54)
where a is the length of the transducer in the desired axis. For this model, was the two 
way beam pattern factor and was expressed in decibels where the reference is the at 
9=0 or,
# 0 )  = 2-10 log
bpf(9)
bPf (  0).
(55)
A three-dimensional representation of f(9) is depicted in Figure 15.
Provided A dwas less than the transmitted pulse, the amplitude of the combined wave in 
voltage is
vc=vd+vm (56)
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Figure 15. Three dimensional representation of the beam pattern factor expressed in 
decibels for an approximately 2.5 degree 120 kHz transducer.
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where Vd and Vm are the voltages of the direct and mulitpath waves calculated by raising 
10 to the power of the respective amplitudes (in dB) divided by 20. If the path difference 
was greater than the pulse width there would be two separate echoes and then the 
combined path equals the direct path.
The amplitude is then corrected for angle off axis and expressed in decibels relative to the 
amplitude that would be received in the absence of multipath, i.e., the amplitude of the 
direct path alone. For the purposes of this study, the affect of the multipath wave upon 
the phase measurement, which determines angle off axis, was not taken into account.
The combined wave was corrected to the angular position of the direct path. For 
simplicity this was calculated as
Ac = 20 log
rmsV„
rmsVj
(57)
where the rms voltage is the maximum voltage of the wave divided by V 2.
The movement of the target was assumed to be only in the vertical direction and was 
approximated as a damped oscillation. In truth the motion is much more complicated 
because it is damped as well as intermittently forced by the wind, but this is should be
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close enough for the purposes of this paper. The motion of the target, relative to the 
maximum response axis (MRA) in the y direction, was calculated as
Figure 16 shows two plots of amplitude (in dB relative to direct path only) versus ping 
number, amplitude histograms and the fast Fourier transform of amplitude vs ping 
number of data generated using the multipath model. The mean amplitude and the upper 
and lower 90% values are displayed as well. Figure 17 shows an example of data 
collected using a tungsten carbide sphere. The data for Figure 17 was chosen to illustrate 
the high variability that was observed and the fact that the distribution of target strength 
values could even appear bimodal at times.
Although this multipath model is somewhat simplistic it does appear that by adjusting the 
magnitude of the motion, the velocity and start position of the target within reasonable 
limits, that multipath can cause variability and bias in echo amplitude (and hence target 
strength) measurements that appear similar to some of the data collected on the standard 
targets. This is by no means conclusive and the model is admittedly incomplete (it
(58)
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Figure 16. Plot of multipath model using a distance of target travel of 0.65 meters, a 
target velocity of .35 meters/second and a stationary target offset of -0.15 meters on the 
left and using a distance of target travel of 0.7, a target velocity of 0.4 meters/second and 
a stationary target offset o f -0.25 meters on the right.
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Figure 17. Data collected on a tungsten carbide sphere on September 26,1998.
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doesn’t take into account the split-beam phase measurement) but it does suggest one 
possible explanation for the variability in the target strength measurements.
The variability observed here is not unique to this study. Depending on where the target 
was positioned in the beam, Daum and Osbome(1998) found up to a 6 dB difference in 
mean target strength measurements with standard deviation values similar to some of the 
files described here. Maxwell (2000) observed a similar degree of variability with dual­
beam equipment using both 38.1 mm and 76.2 mm stainless steel spheres. She noted 
differences of up to 15 dB in the mean values which is similar to what I observed at the 
gravel pit.
High target strength variability has also been observed in measurements of salmon 
(Burwen and Fleischman 1998). This is not unexpected since fish are complex targets 
and target strength will change considerably depending on orientation (Dahl and 
Mathisen 1983). Burwen and Fleischman did see a positive relationship between fish 
size and target strength but noted that it was very imprecise, even when averaged over 
2000 echoes per fish. Although much of this variability can likely be explained by fish 
orientation, it is also possible that the effects of multipath may have contributed to the 
variability they observed.
Conversely, Traynor and Ehrenberg (1990) made measurements on a tungsten carbide 
sphere in which they saw very little variability in the target strength values using split-
beam sonar equipment. However, in Traynor and Ehrenberg’s study, the target was 
deployed in a down-looking configuration similar to the down-looking setup described in 
this paper and the results are consistent with what is presented here.
Most likely, the target strength variability observed in this study was due to a 
combination of factors. I would propose that the primary source of error may be due to 
multipath with additional variability due to inaccuracies in the off-axis correction 
calculation. I think it is clear that the effects of multipath should be taken into 
consideration in any riverine study that requires reasonably precise or accurate estimates 
of target strength.
Results O f Yukon River Studies
Water Sampling Results
Sediment analysis of water samples collected near Pilot Station Alaska on the Yukon 
River revealed particle concentrations of between 0.70 and 1.55 kg/m3 (Pfisterer 2002). 
The percent of fine sand (greater than 63 nm) ranged from 16% to 65%, the percentage of 
silt (<63 nm and >4 nm) ranged from between 15% to 37% and the percentage of clay 
(<4 nm) ranged from between 21% to 47%.
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Of the four samples analyzed, three were collected on the same day but at three different 
ranges. The sample with the highest concentration (roughly twice that of the other two 
samples) was taken in at a range were a band of reverberation was noticed in the sonar 
charts (Maxwell and Huttunenl998). In addition, the mean particle size in this band 
(calculated by the method of Folk and Ward 1980 ) was roughly 4 to 5 times that of the 
samples collected on either side of the band. Together, the higher sediment concentration 
and larger mean particle size suggest that the reverberation band may be caused by the 
sediment reflecting a portion of the transmitted sonar signal. If suspended sediment is the 
cause of this reverberation band, it would seem reasonable to assume that the sediment 
could also be considerably attenuating the signal.
Although the signal loss as predicted from the theoretical formulas was higher than the 
actual loss observed, there are a few points worth noting. First, the accuracy of the 
sediment analysis is most likely suspect. The concentration of the samples analyzed was 
considerably less than the minimum required for the measurement device. This 
undoubtedly has the potential to introduce errors. If the sediment analysis resulted in 
estimates of mean particle sizes that were biased small this could explain the discrepancy 
between observed and estimated signal loss. This is because small particle sizes will 
likely give a higher estimated attenuation coefficient than do larger particle sizes at a 
given frequency (Figure 4). Unfortunately, by the time the samples had been analyzed 
and the concentration deficiency discovered, there was not time for additional sampling 
from a repeated study.
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Perhaps a more likely explanation of the rather high percentage of fine particles (< 4nm) 
is the measurement process. Preparation of the water samples included the addition of 
Calgon (Sodium hexametaphosphate) to the water and sediment solution to prevent the 
particles from flocculating. In addition, the solution was stirred continuously which may 
have broken up particles. Naturally occurring sediment may flocculate and deflocculate 
while in suspension so although the machine may have accurately measured the sample, 
the modified sample may not have been representative of the true size distribution at the 
time of sampling.
There were also a couple of assumptions made in the calculation of estimated particle 
size that may not be accurate. The first is the density of the sediment was assumed to be 
2650 kg/m3. This value was chosen because it is the density of quartz particles which 
should be a fairly good approximation and this was consistent with the value used by 
Richards et al. (1996). If this value is actually higher than the true density of the 
sediment particles, it would bias attenuation estimates high.
It is important to note from the calculations that the signal loss predicted by the sediment 
in the water is at least as large as the loss observed. In the future, water samples should
be at least twice if not three times as large as were collected for this study (500 ml). This 
would allow a more precise estimate of particle size distribution since the sediment 
concentrations would be closer to the minimum required for this analysis.
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Turbidity VS Signal Loss On The Yukon River
Initial examination of the relationship between signal loss observed at the Yukon River 
sonar project and turbidity showed that the measures were highly correlated. The 
coefficient of determination (R2) for the linear regression model was 0.8484. 
Unfortunately any conclusions drawn from this relationship were suspect due to 
autocorrelation in the regression residuals (d=0.99, n=78). The relationship was 
examined further using the Cochrane-Orcutt (Neter et al. 1990) method of removing 
autocorrelation resulting in a new model with an R2 of 0.8171 (Figure 18). This is 
slightly lower than the previous model but the residuals in this case show no evidence of 
autocorrelation at a=0.05 (d=1.79, n=77).
In addition to turbidity readings, daily measurements of conductivity and secchi depth 
were recorded. The coefficient of determination for conductivity was 0.6076 and for 
natural logarithm of secchi depth it was 0.7994. As with turbidity, there was evidence of 
autocorrelation in the regression residuals (d=0.92 and 1.04 with n=71 and 79 
respectively). These relationships were not pursued further since they were not as strong 
as the relationship between turbidity and signal loss.
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Figure 18. Threshold versus turbidity with both linear and autoregressive models for the 
Yukon River sonar project, 1999.
The relationship between signal loss and turbidity is encouraging for a number of 
reasons, first, it suggests that there is indeed a relationship between signal loss and 
suspended sediment. Second, it is fairly easy to measure turbidity and a number of 
devices can be purchased that make this measurement. It is much quicker and easier to 
make turbidity measurements than it is to measure even particle concentration.
Although this analysis shows an encouraging relationship between attenuation and 
turbidity, further research is required. It would be interesting to see if this relationship is 
consistent at the Yukon River sonar project over different years. It is possible that the 
strength of this relationship may vary over different years if there is a change in the size 
distribution of suspended sediment through time. Also, this relationship should be 
analyzed on different rivers because it is very likely that the exact coefficients of the 
model will be site specific due to differences in sediment types and sizes.
The weakest aspect of this analysis is the measurement of signal loss. The method used 
to measure signal loss in this study is highly subjective and undoubtedly introduced 
additional, unaccounted for variability. One reason for the increased variability is that 
the thresholds were not modified in response to small changes in signal strength, rather 
they were altered in response to relatively large changes. Also, there was a floor on the 
minimum threshold possible due to the level of the electronic noise present in the system. 
This meant that the signal loss could not be compensated past a certain level 
(approximately -65 dB). Any plans to further study the relationship between attenuation
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and turbidity would be well advised to find a more precise and less subjective measure of 
signal loss. The boundary problems associated with side-looking transducer 
configuration makes it questionable whether standard target measurements will be 
consistent enough for this purpose. It may be possible if measurements are averaged over 
a long enough period of time; hours instead of minutes. Even then there is a possibility 
of bias due to multipath depending on the exact setup.
Future studies should probably also use a turbidity meter that provides measurements in 
standard units (NTUs). Although the turbidity meter used at this site was calibrated prior 
to the data collection, it is possible that the particle size distribution may fluctuate over 
time thus stating the turbidity in parts per million may not be accurate over the season. 
The reason for using NTUs instead of other measures is mostly due to practical 
considerations. Turbidity meters typically state measurements in NTUs and are thus the 
likely measurement to be made in the field. A relationship between NTUs and 
attenuation would allow a sonar practitioner to estimate the attenuation coefficient using 
a turbidity meter.
This study should be considered a preliminary examination of attenuation as a function of 
turbidity as measured with a turbidity meter. The results are encouraging and suggest 
that this is an area for further examination. Although the turbidity meter does not 
measure the size distribution of suspended sediment, it does give an indication of the 
concentration of suspended sediment. The advantage of using a turbidity meter is that
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measurements can be made quickly and the results readily applied to determining an 
attenuation coefficient (if the relationship is strong enough). Analyzing water samples 
takes considerably more time and it would probably not be feasible to incorporate daily 
measures of sediment concentration using this method at most remote sites.
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DISCUSSION AND SUGGESTIONS FOR FUTURE RESEARCH
This project was encouraging in that it appears that it may be possible to develop site 
specific relationships between turbidity and sound attenuation. Turbidity is quick to 
measure and should allow for an easy method of estimating the attenuation coefficient. 
Although the attenuation estimated by the theoretical models was higher than observed, 
the estimates suggest that the observed attenuation could be related to the suspended 
sediment -  the estimated attenuation was at least as large as the signal loss observed.
Another useful part of this project was the in-situ method of determining the off-axis 
correction coefficients. Fitting the off-axis correction equation to the down-looking data 
resulted in coefficients that appear to be as good as the calibration coefficients. Also, if 
the target strength of the object used in the down looking calibration is known (as is the 
case for the 1.5” tungsten carbide sphere), the SL+G1 parameter could be determined. 
Thus, this method could provide a reasonably quick and cost effective alternative to 
factory calibrations.
Any future plans to further examine this relationship should first focus on determining an 
accurate method of measuring signal loss. As was evident from this work, target strength
appears to be to variable a measure to be used for this purpose. Without a reasonably 
accurate method of measuring signal loss it will be difficult to develop an empirical 
equation describing signal loss. One possible alternative for measuring signal loss would 
be to look at the average target strength for fish across the ensonified range. This could 
work if fish species and sizes are distributed fairly uniformly throughout the range and if 
the fish are located in roughly the same position in the beam throughout the range. If not, 
this method could be subject to bias.
Another alternative would be to attempt to directly measure the attenuation coefficient 
by measuring the volume revberation. Dahl et al. (2001) examined volume reverberation 
in two Alaskan rivers and developed the following modified version of the sonar 
equation:
RLV = SL -40log,0 R -  2aR + Sv + 101og10 y  R2ip(59)
where Rlv is the reverberation level attributed to volume scattering, SL is the source level, 
R is the range in meters, a  is the attenuation coefficient (in dB/m), c is the speed of 
sound, r is  the pulse length and i pis the integral of the squared beam pattern ( ))
over all solid angles. The process would involve measuring the volume reverberation in 
very small range increments and then fitting Equation 59 by choosing Rlv and a  to best 
match the data as illustrated in Figure 19.
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Figure 19. Volume reverberation measured on the Anvik River, 2000. Upper plot shows 
reverberation level as a function of range and ping (top) and the lower plot shows 
reverberation level versus range (solid line) with model for reverberation plotted over the 
top (dashed line).
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Still, it is possible that the accuracy of the sonar system used in this study may have been 
limited in the side-looking setup due to relatively high side lobes. If a transducer with 
lower side lobes could be obtained, the variability in target strength measurements could 
be reexamined. If the variability in target strength measurements is low enough the 
system could potentially be used to measure signal loss. In addition, it may be interesting 
to compare the variability of target strength measurements with data collected with 
instruments manufactured by different vendors. More than likely, any changes would 
probably be due to differences in transducers (different side-lobe characteristics). For 
example, a transducer with lower side-lobes is likely to be less affected by multipath than 
a transducer with relatively high side-lobes. Perhaps low side-lobes combined with 
averaging standard target echoes over a period of hours could allow signal loss to be 
measured.
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